ABSTRACT
INTRODUCTION
Brazil is the largest sugarcane producer in the world, followed by India and China. With over seven million hectares planted and a production of over 480 million tons, the country is world leader in the technology for the production of ethanol. This advantage stems from the suitability of sugarcane for planting in the regions of tropical climate, hot and moist, with prevailing temperature between 19 and 32º C and well distributed rainfall patterns, with aggregate rates of over 1000 millimeters a year. However, below 20°C, or above 35°C, growth rates become very slow and above 38°C, it is virtually null (EMBRAPA 2011).
The sugarcane borer, Diatraea saccharalis Fabricius (Lepidoptera: Crambidae), is considered one of the most harmful pest for sugarcane farming, not just in Brazil, but also in the majority of the countries where this crop is farmed. The borer acts in the internodes of the sugarcane stalk, digging galleries, which later allow other diseases to become established, resulting in reduced sugar production and in fermentation which is responsible for the production of alcohol (Gallo 2002) . Given the cryptic habit, the conventional control measures using chemical pesticides targeted at the larvae are practically useless (Cruz 2007) . Therefore, the use of natural agents, such as entomopathogenic fungi, appears as an excellent form of control alternative (Azevedo 1998) . The entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillemin is of generalized occurrence in all these countries, being the most frequently found on insect and soil samples, where they are able to subsist for long periods of time (Alves 1998; Lacey et al. 2001) . As reported by Alves and Lecuona (1998) , the simple presence of a structure of the pathogen on an insect, or in it, is not condition sufficient for the onset of a disease; several factors (biotic and abiotic) are involved in promoting the occurrence of infection. Among the several environmental factors that affect pathogenic insects, temperature, moisture and solar radiation are probably the most severe (Inglis et al. 1996) . Nonetheless, any strategy for the deployment of B. bassiana in the field as a myco-insecticide needs to take into account the prevalent weather conditions in the target areas (Luz and Fargues 1997) . For this purpose, some studies have simulated different environmental situations and assessed the virulence of entomopathogenic fungi (Tefera and Pringle 2003; Dimbi et al. 2004; Bouamama et al. 2010) . Another important aspect in the biological control is the pathogen's transmission capacity between the different hosts, since the viability of horizontal transmission represents a new opportunity for Integrated Pest Management programs (Toledo et al. 2007) and offers a few advantages such as reduction in both, the volume of inoculum and of the area treated with the fungus, minimizing the adverse effects in non-target organisms (QuesadaMoraga et al. 2008 ). The horizontal transmission between different hosts of B. bassiana (García-Munguia et al. 2011) , Metarhizium anisopliae (Metsch.) Sorokin (Peng et al. 2011) and Isaria fumosorosea (= Paecilomyces fumosoroseus) (Wize) Brawn & Smith (Avery et al. 2010 ) has already been shown. However this is first attempt at assessing the transmission of B. bassiana between the larvae of D. saccharalis. Based on the ideal development temperatures for sugarcane plantation, this work aimed to determine in laboratory, the effect of different temperatures on the efficiency of B. bassiana to control the sugarcane borer, as well as evaluate the fungi's transmission capacity between the individuals of D. saccharalis, with a view to providing inputs for defining new biological control strategies for this pest.
MATERIALS AND METHODS

Diatraea saccharalis larvae
The third stage borers were obtained from the Sugarcane Experimental Station of Carpina/ Pernambuco/Brazil and maintained on a Hensley and Hammond (1968) modified artificial diet, consisting basically in a solution of vitamins, Wesson salts, sugar, soy meal, wheat germ, ascorbic acid and water. However, 24 h before the bioassays, each larva was confined individually in transparent containers (17 cm x 21 cm x 25 cm) with sugarcane stalks (as a food source).
Fungal Strains
The B. bassiana isolates URM2915 (isolated from Nezara viridula Hemiptera: Pentatomidae in Paraná, BR) and URM3447 (isolated from Castnia licus Lepidoptera: Castniidae in Pernambuco, BR) was supplied by Micoteca URM (University Recife Micology /UFPE). The fungus was inoculated in Petri dishes containing potatoes dextrose agar + chloramphenicol (0.05%), supplemented with 0.5% of yeast extract (PDAY) and incubated at 26°C for 12 days for conidiation. Following this, conidia suspension was prepared in 0.01% (v/v) Tween-80 in distilled water and sprayed through the use of a 35-ml glass atomizer on ten D. saccharalis larvae placed on Petri dishes and incubated at 26°C until insect death. Newly emerged conidia from the insect were subcultured not more than four times at ten days intervals in PDA and used to prepare the reactivated inoculum suspension containing 10 8 conidia/mL (Ito et al. 2007 ). To confirm the viability, the conidia were spread on PDAY and incubated at 26°C for 16 h. Germination rates were scored at 400 × magnification by observing at random 100 conidia for the presence of germ tubes. Germination was at least 90% throughout the study.
Effect of Temperature on Pathogenicity of the Beauveria bassiana Against Diatraea saccharalis
Ten larvae were immersed in 3.0 ml of the reactivated inoculum suspension for 30 seconds in a Petri dish. Later, they were individualized in the containers with sugarcane stalks as nutrition substrate and maintained at 20, 26 and 32°C. Five replicates were conducted at each temperature. As a control, ten larvae were immersed for 30 seconds in with sterile water containing 100µl of Tween-80. Mortality was recorded daily for seven days.
Dead insects were placed on moistened filter paper-lined Petri dishes and incubated at their temperatures and 80% relative humidity. Dead larvae were removed daily, immediately surface sterilized with 1% sodium hypoclorite followed by three rinses with sterile distilled water, placed on sterile wet filter paper in sterile petri dishes. Mortality due the fungus was confirmed by the microscopic examination of hyphae and spores on the surface of the cadaver (Dimbi et al. 2004 ).
Horizontal Transmission of Beauveria bassiana Between Diatraea saccharalis Larvae
After being inoculated following the same experimental protocol described above, five larvae cadavers were then carefully transferred to Petri dishes (150 × 15 mm) and clean larvae were introduced at three proportions: 1:1 (5 cadavers and 5 clean larvae), 1:2 (5 cadavers and 10 clean larvae) and 1:3 (5 cadavers and 15 clean larvae). The control consisted of 20 clean larvae. Each proportion was replicated four times, and the whole experiment was repeated 90 days later with insects from a new generation and new conidial plates (Quesada-Moraga et al. 2008 ). The bioassay was conducted at 26°C and the mortality was monitored for seven days. Dead larvae were removed daily, immediately surface sterilized with 1% sodium hypoclorite followed by three rinses with sterile distilled water, placed on sterile wet filter paper in sterile Petri dishes. Mortality due the fungus was confirmed by the microscopic examination of hyphae and spores on the surface of the cadaver.
Statistical Analysis
Statistical significance among the treatments was determined using a one-way ANOVA and mean separation were compared using the Tukey's test (P<0.05) with software for statistical analysis (SPSS 2003) . Lethal time (LT 50 ) values for insect mortality were determined by a Probit analysis.
RESULTS AND DISCUSSION
B. bassiana was pathogenic for the sugarcane borer; however, the different test temperatures had a significant effect on the mortality (df= 2; F=1040.08; p<0.01) and differed among the strains (df= 1; F=54.0509; p<0.01). There was a significant level of interaction between the temperatures and strains (df= 4; F= 73.2821; p<0.01) (Fig. 1) . Mortality in the control group was low, not exceeding 8% at any of the temperatures. As has been emphasized by several authors, any strategy for the deployment of this fungus on the field, as a myco-insecticide must necessarily take into account the prevalent climate conditions at the target areas (Luz and Fargues 1997; Ekesi et al. 1999; Bouamama et al. 2010) . So, the selection of strains tolerant to the ideal crop development and production temperature for the plant of interest is necessary for pathogens to be used successfully in the biological control programs. Although the strains were pathogenic at all the test temperatures, the effect on pathogenicity of B. bassiana against D. saccharalis was also high. The strains were more pathogenic at 26 and 32°C than at 20°C (Fig. 1 ). For example, at the end of the experiment at 20°C, B. bassiana URM2915 caused a mortality of 30.3%, whereas the mortality caused at 26 and 32°C was of 100 and 50%, respectively. B. bassiana URM2915 showed mortality superior to URM3447 only at 20°C. Similar results have been reported earlier using this entomopathogen against other insects (Sun et al. 2003; Dimbi et al. 2004; Brooks et al. 2004 ). The highest mortality (100%) displayed by both the strains was at 26°C, which was in agreement with the experiments of Alexandre et al. (2008) , where mortality of the Alphitobius diaperinus Panzer (Coleoptera: Tenebrionidae) larvae caused by M. anisopliae and B. bassiana at 26°C, was of 93.3 and de 95.5%, respectively. When these fungi were incubated at 32°C, larval mortality was 68.9% for M.
anisopliae and 28.9 % for B. bassiana. Differences in the mortality could be explained by the fungi's biological characteristics. According to Hallsworth and Magan (1999) , excellent growth rates could be obtained for B. bassiana at 25°C; however, this fungus featured good growth at the 20 to 30°C range. When exposed to higher temperatures, such as for example, at 37°C, growth was nearly nil. However, better tolerance to higher, or lower temperatures could be related to the climate origin region of the isolate, as shown by Imoulan et al. (2011) on analyzing the occurrence, thermotolerance and virulence of B. bassiana isolates to Ceratitis capita Wiedemann. Ment et al. (2010) have shown the influence of environmental conditions on the development of M. anisopliae on the tick Rhipicephalus annulatus and reported for the first time the occurrence of chlamydospores as unit of infection at high temperatures, instead of conidia. Therefore, it was clear that fungi have different strategies to survive the adverse conditions and these characteristics could become fundamental in establishing the disease. Through Probit analysis, the Lethal Time, occurring as a function of the different temperatures was obtained (Table 1 ). The LT 50 was also significantly affected by the temperature (F=176.36; p<0.01). The lowest LT 50 was seen at 26°C for both the strains. Based on the overlap of the confidence intervals, there was a significant difference between the LT 50 of both the strains when the larvae were subjected to 20 and 26°C. Although there was not very much difference at 32°C, the LT 50 for URM2915 was slightly shorter, reaching 6.56 days, while the one for URM3447 it was 6.81 days. Bugeme et al. (2009) assessed the effect of temperature on the pathogenicity of B. bassiana (isolated from Africa) on spider mite Tetranychus urticae Koch and noted that the LT 50 decreased as the temperature increased, being 9.8 days at 20°C, 4.9 at 25°C and 3.3 at 32°C. As reported by Lohmeyer and Miller (2006) , differences between the LT 50 was a tool often used in selecting the strains, which was interesting given that, in addition to being virulent, the fungus quickly killed its hosts. This put B. bassiana URM2915 at an advantage over URM3447, since the borers treated with this strain died more quickly than the ones treated with the other strain. Different from other insect pathogens, entomopathogenic fungi can infect their hosts by contact, penetrating the insect's cuticle, through horizontal transmission (Quesada-Moraga et al. 2004 ). The present results obtained in the experiments with the B. bassiana URM2915 and Beauveria bassiana URM3447 strains showed that there was efficient transmission between the individuals of D. saccharalis, with mortality rates varying between 59 and 95.5% (Table 2) . These results were the first report on the transmission of B. bassiana between the cadavers and healthy larvae of D. saccharalis. Hence, cadavers of the borers in the stalks could contribute in the future for the dissemination of the disease in the plant. This feature could be extremely important in controlling the sugarcane borer using fungi, since the better part of this insect's lifecycle takes place inside the stalks making it harder for direct applications to reach the pest. Talaei-Hassanloui et al. (2009) have shown that B. bassiana transferred between the adults of Eurygaster integriceps Puton, causing mortalities of 50 to 65%. Dembillio et al. (2010) also reported that B. bassiana was transmitted between the adult coleopterans of palm trees and Rhynchophorus ferrugineus Olivier and their effects were also seen in the following generation. Level of significance was determined using Tukey's methods of mean separation where P < 0.05. Mean followed by the same letter, small the row and capital letter the line, are not significantly different.
The efficiency of horizontal transmission depends on a number of parameters, including the number and distribution of individuals in the infected population (Avery et al. (2010) . Results showed there was no difference in the mortality caused by B. bassiana URM2915 when the ratios were 1:1 and 1:2. However, when the ratio of healthy individuals with respect to the number of cadavers increased, the mortality dropped off. This was more clearly noted in the treatment with URM3447, in which the mortality varied significantly according to the ratio and fell to 26% when the ratio was1:3 (Table 2 ). In lab experiments, B. bassiana conidia were transferred between the treated and untreated adult beetles of Ips typographus L., resulting to 96% mortality when the ratio was of 1:1 and 83% when it was 1:5 (Kreutz et al. 2004) . Quesada-Moraga et al. (2008) investigated if the adults of C. capita infected with M. anisopliae transmitted the fungus to uninfected flies of the opposite sex during copula. In addition, the transmission was directly related to the ratio and sex involved. The capacity of transmission of B. bassiana between the borers is an important parameter in selecting a control strategy for this pest, given that the presence of cadavers with the fungus on the field can help in establishing the secondary foci of the disease and, in this way, increase the mortality of the sugarcane borer, in addition to being fundamental in maintaining the inoculum in the environment (Bustilho et al. 2002; Estrada et al. 2004) . These results showed that the temperature interfered in the pathogenicity of B. bassiana URM2915 and URM3447 against D. saccharalis and the fungus could be transmitted between the individuals of the borer, causing significant mortality. Success in horizontal transmission of B. bassiana was indicative that this procedure could also be adopted as control strategy for the sugarcane borer.
